The resistance switching characteristics of Ni/HfO x /Ni capacitor structures with CF 4 /O 2 plasma post-treatment of different gas flow rate ratios were investigated. The HfO x film was deposited by an electron-gun evaporator, followed by the CF 4 /O 2 plasma post-treatment with different gas flow rate ratios. According to the filament model, conducting filaments (CFs) are formed by the percolation of various types of defects such as oxygen ions and oxygen vacancies. Moreover, the incorporation of oxygen/fluorine may terminate the oxygen vacancies to form Hf-F bonds and eliminate both fixed and interface traps, which can help to form fixed CFs in the film owing to local stronger Hf-F bonds. In this work, the improvement in the stability of resistance switching and current in the high-resistance state (HRS) was achieved by suitable plasma posttreatment. This may be attributed to the formation of Hf-F bonds as observed through electron spectroscopy for chemical analysis.
Introduction
Resistance random access memory (RRAM) has attracted much attention owing to its possible application to highdensity and low-cost nonvolatile memory devices with high performance. [1] [2] [3] Transition-metal oxide (TMO)-based RRAM devices exhibit excellent characteristics such as low power, high speed, good scalability, and high-density integration. 4, 5) TMO materials, such as NiO, TiO 2 , Al 2 O 3 , and HfO 2 , show very promising potential for RRAM because of their simple composition, low production cost, and compatibility with complementary-metal-oxide-semiconductor (CMOS) technology. [6] [7] [8] [9] [10] [11] Recently, the electrical characteristics of HfO 2 -based RRAM devices have been reported. [12] [13] [14] One of the proposed models for resistance switching is the formation of conducting filaments (CFs) or paths by applying a sufficiently high voltage. However, owing to the high energy band gap, HfO 2 -based RRAM with high resistance has suffered from the nonuniformity of operation parameters, poor endurance, and low device yield. 15) It has been reported that fluorine (F) incorporation can reduce the fixed charge and passivate interface traps, resulting from the segregation of F in the HfO 2 /SiO 2 interfaces and the passivation of oxygen vacancies and interface traps by the formation of stronger Hf-F bonds. [16] [17] [18] [19] [20] Furthermore, the formation of HfO 2 films by electron gun (egun) evaporation at low temperatures is very cost-effective.
In this work, to obtain satisfactory HfO 2 film quality for its use as an insulator in RRAM with a bipolar resistance switching (BRS) operation mode, we demonstrate the effect of different proportions of F incorporated in the HfO x film on the stability of resistance switching of a Ni/HfO x /Ni RRAM.
Experiment
A schematic diagram of the resistive memory devices in this study is illustrated in Fig. 1 . A thermally oxidized (500 nm SiO 2 ) p-type silicon wafer was used as a substrate, onto which 50-nm-thick nickel (Ni) metal was deposited as a bottom electrode by e-gun evaporation at 25 C. Then, a HfO x film with a thickness of 30 nm was directly deposited on the Ni/SiO 2 /Si substrate by the e-gun evaporation system using a pure HfO 2 target. The chamber pressure and substrate temperature were maintained at 2 Â 10 À6 Torr and 25 C, respectively. Afterwards, CF 4 /O 2 plasma posttreatment was performed on the HfO 2 surface with an inductively coupled plasma (ICP) power of 500 W and a process pressure of 0.1 Torr in a high-density-plasma chemical vapor deposition (HDP-CVD) system at 150 C for 90 s. The flow rate ratio of the CF 4 /O 2 gas mixture was 50/5 or 10/40 sccm. After the plasma post-treatment, a 50-nm-thick Ni top electrode was deposited on the HfO 2 films by e-gun evaporation at 25 C to complete the metal/ insulator/metal (MIM) memory cell. For comparison, a reference sample made without CF 4 /O 2 plasma posttreatment was also prepared by the same process.
The crystal structure, concentration depth profile, and chemical bonds were analyzed by X-ray diffraction (XRD) patterns, Auger electron spectrometry (AES), and electron spectroscopy for chemical analysis (ESCA), respectively. The current-voltage (I-V ) characteristics of the devices were studied using an Agilent 4156 A semiconductor parameter analyzer. BRS between the high-resistance state (HRS) and lowresistance state (LRS) was induced by the applied voltage. A forming process with a compliance current was required to activate the as-deposited cell while preventing electrical breakdown. The forming voltage of the device was approximately 8 V with a compliance current of 10 A. After the forming process, the device entered the LRS. By sweeping a negative bias above the reset voltage (V reset ) of approximately À1:3 V, an abrupt decrease in current was observed, where the cell switches from the LRS to HRS, called the reset process. Conversely, the cell returned to the LRS upon applying a positive bias above the set voltage (V set ) of approximately 1.1 V, called the set process. Figure 2 (b) shows I-V curves for 21 cycles of voltage sweeping for the device without plasma treatment. Unfortunately, this device exhibited an unstable reset voltage and a different resistance in each process. A higher process current was observed at a low positive voltage in the HRS. These results may be due to defects in the HfO x film, such as oxygen vacancies, metallic defects, and dislocations. According to the filament model, the defects extend to form tiny CFs in the HRS, and these CFs accumulate to form stronger and more localized CFs, leading to the transition from the HRS to LRS. The higher process current and unstable process voltage may result from a large number of defects existing in the HfO x film. The filaments originating from CFs are formed at random, which may result in different thermal dissipations rupturing different filaments in each reset process. Namely, the filaments may not follow the same path in each switching. Figure 2(c) shows the endurance properties of the device without plasma treatment. Reading was performed at 0.2 V. Although the device could be operated after $21 program/ erase cycles with an on-off ratio of $10 3 , the fluctuation in resistance switching was obviously due to the complicated filament structure in the HfO x film. treatment, the device with plasma treatment (CF 4 : O 2 ¼ 2 : 8) appeared to be inferior, showing a high leakage current. The HRS current was dominated by ohmic conduction. 21) The positive shift of the reset voltage may be caused by the fixed charge due to the damaged surface layer. In the reset process, the reset voltage became more stable but the endurance decreased. These results may be related to the surface oxide, whose surface quality is improved by plasma post-treatment. The thin oxide layer on the surface provides a higher resistance at a lower operation voltage. With increasing operating voltage, carriers could obtain sufficient energy to produce a tunneling effect. Owing to the use of a higher forming voltage, the surface oxide is very likely to undergo a hard breakdown and resistance degradation, resulting in a reduction of the number of endurance cycles. Figure 5 shows the crystal structure of the HfO x film on the Ni/SiO 2 /Si substrate investigated by X-ray diffracto- . Only the Ni peaks at (111), (200), and (220) were observed, which indicates that the HfO x film is amorphous. This result may explain the higher initial resistance and the HRS. Figure 6 shows schematic diagrams of the effects of the incorporation of F atoms on the formation of CFs in the LRS after the forming process. According to the filament model, the formation of CFs in the device without plasma posttreatment was random, and CFs did not follow the same path, causing the fluctuation of resistance switching, as shown in Fig. 6(a) . However, the dispersion of resistance switching could be suppressed by suitable CF 4 /O 2 plasma post-treatment, and the F atoms confined CF formation to a local region, as shown in Fig. 6(b) . During the forming process, the tiny CFs, such as oxygen vacancies, accumulate to form stronger and more localized CFs, which then induce a transition from the HRS to LRS. After the reset process, the disruption of CFs can be caused by oxidation enhanced by Joule heating, and the resulting device can undergo a transition from the LRS to HRS. Because of the F incorporation and the formation of Hf-F bonds by the suitable CF 4 /O 2 plasma post-treatment, the existing Hf-F bonds may limit the distribution of some CFs, leading to certain local CFs being disrupted easily. Therefore, the reset voltage and the path of CF formation/rupture can be stabilized by F incorporation, resulting in the stability of resistance switching. Moreover, in the case of plasma post-treatment (CF 4 : O 2 ¼ 2 : 8), there were fewer oxygen vacancies in the film. A higher compliance current resulted in the formation of stronger and less resistive filaments, as shown in Fig. 6(c) .
Results and Discussion
The concentration depth profile of the sample with plasma post-treatment (CF 4 : O 2 ¼ 10 : 1) measured for various elements is depicted in Fig. 7 , showing the stack of layers. Figure 8 shows the Hf 4f ESCA spectra of the samples with and without plasma post-treatment (CF 4 : O 2 ¼ 10 : 1). The intensity of the CF 4 -treated sample was higher than that of the reference sample and the blurry peak at about 20 eV revealed Hf-F bonding, indicating fluorine incorporation after post-treatment. 
Conclusions
The resistance switching characteristics of e-gun-evaporatordeposited HfO 2 -based ReRAM devices were investigated for the case of CF 4 /O 2 plasma treatment with different gas flow rate ratios. It has been demonstrated that oxygen/fluorine incorporation passivated interface traps and/or reduced the fixed charge, which improved the resistance distribution and current in the LRS. The proposed device showed a stable current in the LRS and a stable operating voltage upon suitable plasma treatment owing to the path stability of CFs limited by Hf-F bonds.
